We investigated the low-temperature processed polycrystalline-silicon (poly-Si) film formed by carrying out low-energy-density and multishot excimer laser annealing (ELA) of amorphous Si (a-Si) film on a glass or quartz substrate. The influence of secondary grain growth which grain size becomes larger than the film thickness on the tensile stress relaxation of the poly-Si film was clarified. Relationship between hydrogens which are supplied to the melt-Si from the bottom catalytic-chemical vapor deposition (Cat-CVD) SiN film and the stress relaxation was also examined. The tensile stress in the poly-Si film relaxes upon the appearance of the secondary grains, and the stress decreases with increasing diameter of the secondary grains. However, the hydrogen supply to melt-Si suppresses the secondary grain growth and the stress relaxation becomes marked as the hydrogen concentration decreases. Furthermore, the relationship between the dangling bond density corresponding to the crystal defect density and grain size was investigated, and the defect site was clarified. Lastly, the recrystallization model by ELA at low energy densities was discussed. The model was constructed based on the experimental data that the secondary grain growth occurs suddenly at the critical energy density and the critical shot number, and it was shown that the present model is consistent with the results related to the hydrogen concentration and the secondary grain growth.
Introduction
Recently, silicon film recrystallized by excimer laser annealing (ELA) of amorphous-silicon (a-Si) on a glass substrate has become necessary for use as the materials of the active area of thin-film transistors (TFTs) of liquid-crystal displays (LCDs) or organic light emitting diode (OLED) displays. The requirements for the recrystallized Si film are high quality, which means a film with a low defect density, large grains and position control of nucleation. To satisfy these requirements, sequential lateral solidification (SLS), 1) phase-modulated ELA (PMELA), 2) multistep XeCl ELA, 3) solid-phase crystallization (SPC) followed by ELA, 4) singleshot XeCl ELA, 5) diode-pumped solid-state CW laser crystallization, [6] [7] [8] [9] crystallization by a linearly polarized YAG pulse laser 10) and the -Czochralski method 11) have been studied. Field-enhanced metal-induced crystallization (FE-MIC), 12) imprinting using Ni 13) and SPC using Ge and Si 14) have also been investigated in the low-temperature range. In our group, the mechanism of secondary grain growth by ELA has been examined to provide a high-quality large-grained film. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Here, the secondary grain is defined as having a grain size larger than the film thickness. It was found by electron spin resonance (ESR) measurement that most of the crystal defects were located at the grain boundary of poly-Si film and that hydrogen in a-Si film influenced the crystallinity of the poly-Si. 15, 16) We also confirmed that the secondary grain growth of poly-Si film suddenly occurred at the critical energy density and critical shot number. 16, 17) On the basis of these results, a new crystal growth model was presented. [18] [19] [20] [21] The purpose of this paper is to review the characteristics of the poly-Si film recrystallized by the ELA method. [22] [23] [24] [25] [26] First, the influence of the secondary grain growth on the stress relaxation of poly-Si film is explained. Secondly, the effect of the hydrogen concentration on the relation between the tensile stress and grain size of poly-Si film is discussed, referring to the results of experiments with controlled hydrogen concentrations. Thirdly, the defect density in poly-Si film is explained considering the grain size and the hydrogen concentration. Lastly, those phenomena are verified considering our proposed mechanism of secondary grain growth.
Experimental Methods
The first experiment was conducted to examine the influence of secondary grain growth on the stress relaxation of poly-Si film; SiN film was deposited by plasma chemical vapor deposition (PCVD). The second experiment was conducted to examine the effect of the hydrogen concentration on the relation between the tensile stress and grain size of poly-Si film and on the defect density in poly-Si film. SiN film was deposited by using the catalytic-chemical vapor deposition (Cat-CVD).
PCVD SiN film
An a-Si film (100 nm) was deposited on SiO 2 (50 nm)/SiN (50 nm)/glass and SiO 2 (100 nm)/glass substrates by plasmaenhanced (PE) CVD. An a-Si film was also deposited on a quartz substrate by the low-pressure chemical vapor deposition (LPCVD) method to decrease the hydrogen concentration in a-Si film. The deposition conditions of the PCVD SiN film are a substrate temperature of 400 C, an RF power of 370 W, and an RF frequency of 13.56 MHz. Dehydrogenation was carried out by annealing at 450 C for 60 min.
Cat-CVD SiN film
To conduct further precise experiments, an a-Si film (50 nm) was deposited on the SiN (50 nm)/quartz substrate by LPCVD. SiN film was successfully formed by the Cat-CVD method, 27, 28) and the hydrogen concentrations were fixed at 2.3, 4.2 and 8.2 at%.
ELA and analysis of the film
The KrF multishot excimer laser was irradiated onto the a-Si film at 1 Hz and at room temperature in vacuum À4 Pa). The pulse duration of the laser was 23 ns. The energy density and shot number ranged from 200 to 500 mJ/cm 2 and 8 to 300 shots, respectively. The internal stress, defect density and surface morphology of the poly-Si film were examined by Raman spectroscopy and scanning electron microscopy (SEM). Raman spectroscopy was carried out with a backscattering geometry and a 514.5 nm Ar ion laser with a spot size of 0.8 mm. The full-width at halfmaximum (FWHM) of the transverse optical (TO) Raman peak of the Si(100) wafer was 4.2 cm À1 . The hydrogen in the SiN film was detected by thermal-desorption spectroscopy (TDS). The ion currents were measured using a quadrupole mass spectrometer. The increase rate of temperature, the maximum temperature and the vacuum pressure were 60 C/ min, 600 C and 7 Â 10 À7 Pa, respectively. 19, 23, 29) and textured grains are observed on the quartz substrate. The secondary grain growth is observed on the SiO 2 /glass substrate. The grain size of the poly-Si film on the SiO 2 /glass substrate is larger than that of the poly-Si film on the SiO 2 /SiN/glass substrate. For the poly-Si film on the SiO 2 /SiN/glass substrate, only a few secondary grains are observed. Almost all the grains are small. The difference of the morphologies of the poly-Si film between on the quartz substrate and on the SiO 2 /(SiN/)glass substrate is thought to be related with the thermal conductivity of the substrate. Figure 2 shows the relationship between the grain size and the shot number for poly-Si film on each substrate. The average grain size of the textured grains ( ) on the quartz substrate is slightly smaller than that ( ) on the SiO 2 /SiN/glass substrate. The average grain size ( ) of poly-Si film on the SiO 2 /glass substrate is the largest of the poly-Si films on the three types of substrates. Figure 3 shows the FWHM of the TO phonon peak as a function of the Raman peak shift, Á!, for the three Shot Number
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Grain Size (nm) Stress Relaxation of Poly-Si Film Formed by Excimer Laser Annealingtypes of poly-Si films, where the peak shift was defined as the difference between poly-Si and bulk Si (521 cm À1 ). FWHM and Á! correspond to the defect density and internal stress of the poly-Si film, 30) respectively. The tensile stress that is observed at TO phonon wave numbers lower than 521 cm
À1
is measured for the poly-Si film by the ELA method. The tensile stress increases in the order of SiO 2 , SiN and quartz substrates; defect density also shows nearly the same behavior. It was found that these phenomena are closely related with the appearance of the secondary grains. The tensile stress and the defect density decrease, as the growth of secondary grains becomes more frequent.
Next, the influence of hydrogen incorporation into the poly-Si film on the secondary grain growth is inferred. Figure 4 shows the relationship between the ion current and temperature for mass number, m=e ¼ 2. The ion current of the SiO 2 /SiN/glass substrate is larger than that of the glass substrate and almost equal to that of the SiN/glass substrate. The ion current corresponding to m=e ¼ 1, hydrogen atoms, is also detected during the increase of temperature. The hydrogen atoms or molecules contained in the SiN film are emitted to the vacuum above 300
C. This result indicates that the hydrogen atoms or molecules can diffuse from the SiN film to melt-Si during ELA. The reason why the secondary grains are not frequently observed with the SiO 2 /SiN/glass substrate is the hydrogen incorporation into melt-Si during ELA from the SiN film. It is inferred that the hydrogen suppresses the secondary grain growth of poly-Si film. In the next sections, 3.2 and 3.3, the hydrogen behavior is examined quantitatively.
3.2 Effect of hydrogen concentration on relation between tensile stress and grain size of poly-Si film Figure 5 shows the relationship between the FWHM of the TO phonon peak and the energy density at 8 shots.
The FWHM values are nearly constant for energy densities of 318 to 500 mJ/cm 2 and hydrogen concentrations of 2.3 and 4.2 at%. The crystal defect density is nearly constant at 2.3 and 4.2 at% of hydrogen, however, it increases steeply at 500 mJ/cm 2 and hydrogen concentration of 8.2 at%. Figures 6(a) and (b) show the cross-sectional TEM micrographs for energy density of 500 mJ/cm 2 and hydrogen concentrations of 2.3 and 8.2 at%, respectively. For 8.2 at% hydrogen, Si atoms coalesce and form grains with sizes from 30 nm to approximately 600 nm, although the poly-Si film is formed uniformly for 2.3 at% hydrogen. It is thought that some of the poly-Si films disappear by ablation which is caused by the hydrogen emission from SiN to vacuum via melt-Si during ELA for 8.2 at% hydrogen. The reason why the FWHM of the TO phonon peak steeply increases at 500 mJ/cm 2 and hydrogen concentration of 8.2 at% is the hydrogen ablation. It is found that the effect of hydrogen introduced to melt-Si is very sensitive to the hydrogen concentration and the energy density. Figure 7 shows the relationship between Á! and shot number. This experiment was conducted at 318 mJ/cm 2 to prevent hydrogen ablation during ELA. Although Á! decreases rapidly with increasing Figure 8 shows the relationship between the average grain size and shot number for 2.3, 4.2 and 8.2 at% hydrogen. The grain size becomes large with increasing shot number for each hydrogen concentration. For the condition of 2.3 at% hydrogen at 100 shots, the grain size rapidly increased and the maximum size exceeded 2 mm. Figure 9 shows the relationship between tensile stress and grain size for 4.2 and 8.2 at% hydrogen. The tensile stress decreases with increasing grain size from 200 to 600 nm. It is found that, firstly, the tensile stress of the polySi film is released with a progress of secondary grain growth, and secondly, the stress relaxation becomes marked as the hydrogen concentration decreases. Stress Relaxation of Poly-Si Film Formed by Excimer Laser Annealingwhich we previously proposed, 18) in the point that secondary grain growth leads to tensile stress relaxation by the release of strain energy. The origin of the strain energy is thought to be the field of elastic stress around the dislocations at the grain boundary. The dangling bonds of the extra-half plane in the edge dislocation component at the grain boundary may be observed. In the next section, the spin density measured by ESR is discussed. Figure 11 shows the ESR result at 500 mJ/cm 2 for 2.3 at% hydrogen. The signal of g ¼ 2:0055 and that of g ¼ 2:0007 correspond to the dangling bond in the poly-Si film and that in the quartz substrate, respectively. The spin density in the poly-Si film for a hydrogen concentration of 2.3 at% in SiN film is 2:1 Â 10 19 cm À3 . It is thought that the origin of the spin density is the crystal defects at the grain boundary, as we already pointed out. 15) Figures 12(a) and (b) show the spin density in poly-Si films related to grain size with hydrogen concentrations of 2.3, 4.2 and 8.2 at% and that with hydrogen concentrations of 4.2 and 8.2 at%, respectively. The solid line is the theoretically calculated result assuming that the defects are located at the grain boundary.
Defect density in poly-Si film
15) The spin density of polySi becomes low with increasing grain size for 4.2 and 8.2 at% hydrogen, which agrees with the theoretical values. This result indicates that the defects are located at the grain boundary, where the defect at the grain boundary is identified by the Si dangling bond. For 2.3 at% hydrogen, the defect density exhibits a different behavior. We infer that a grain boundary without dangling bonds, such as the coincidence boundary, may be formed. These results indicate that the hydrogen concentration is closely related to defect formation. Figure 13 shows the schematic figure of the relationship between hydrogen and defect formation. Upper and lower figures are for high and low concentrations of hydrogen, and the left and right figures are before and during ELA, respectively. For high hydrogen concentration, transformation from Si-H bonds to Si-Si bonds via Si dangling bonds does not progress completely during ELA, and consequently, Si dangling bonds remain at the grain boundary. For low hydrogen concentration, Si-Si bond formation progresses completely during ELA. These different mechanisms result in the different dependences of the spin density on the grain size. 26) This idea is in agreement with the present experimental data that spin density shows small values, but not with the calculated values for 2.3 at% hydrogen. 
Crystallization model
The results described in the previous sections are clearly understood by using the following model. Figure 14 shows the model of secondary grain growth by the SPC. We already reported that grain enlargement of poly-Si under the solid phase occurs upon multishot laser irradiation at low energy density. The theory of secondary grain growth by the solid phase was studied by Thompson, 31) who assumed that the driving force of secondary grain growth is the energy of the grain boundary and film surface. Our proposed model also assumes the solid phase process.
18) The present model was constructed by taking into consideration the following experimental results. First, in-grain defects disappear upon laser irradiation because the defects move to the grain boundary. 4, 15) It was also reported that the in-grain defect density is low for ELA poly-Si film compared with the SPC film after thermal annealing. 32) Second, rapid secondary grain growth occurs when the laser energy density and shot number reach critical values. 16, 17) These phenomena indicate that secondary grain growth occurs when the sum of the laser energy and the crystal defect energy becomes a critical value. When a laser with the critical energy density is irradiated on a-Si at the critical shot number, the critical number of defects are integrated at the grain boundary. Simultaneously, the grain boundaries are melted, which lowers the activation energy of Si diffusion. Many Si atoms in a grain with nonpreferred orientation move to the vacancies in a grain with preferred orientation via the grain boundary. Then, grain boundary moves from the left to the right. Here, the vacancies are incorporated into Si due to the abrupt drop of temperature after laser irradiation is stopped.
According to the present model, the energy of strain generated by the dislocations at the grain boundary, is released at the start of secondary grain growth. The secondary grain growth and the tensile-stress relaxation, which proceeds through the secondary grain growth, occur simultaneously. It is assumed that the hydrogen atoms incorporated in the Si during the ELA form the hydrogenvacancy pair at the grain boundary and it prevents the secondary grain growth. Therefore, the grain size increases with decreasing hydrogen concentration. Our experimental results support the present growth model as follows. First, the tensile stress of the poly-Si film decreases with increasing grain size, as explained in Fig. 9 . This phenomenon agrees with the model in the point that the secondary grain growth leads to the tensile-stress relaxation. Second, the diameter of poly-Si secondary grains with 2.3 at% hydrogen is larger than that with 4.2 at% hydrogen, as shown in Fig. 10 . This phenomenon also agrees with the present model from the viewpoint of the effect of hydrogen on the grain growth. It has also been reported that the grain sizes of poly-Si with hydrogen concentrations of 1.3 and 2.8 at% are 500 and 150 nm, respectively.
33) It seems to be reasonable that the hydrogen concentration in the Si film influences the grain size and the stress relaxation. The presented model does not apply to high concentrations of hydrogen, such as 8.2 at%. Thus, for grain enlargement to occur upon ELA, it is important for the hydrogen concentration in the Si film to be decreased.
Summary
The poly-Si film formed by excimer laser irradiation of aSi film on glass or quartz substrates at low-energy density with multiple shots was characterized. The influence of secondary grain growth and the hydrogen supplied to melt-Si from the bottom SiN film on the tensile-stress relaxation of the poly-Si film was examined. The tensile stress in the polySi film relaxes with the appearance of the secondary grains. However, the hydrogen supply to melt-Si suppresses the secondary grain growth. It was also found that, firstly, the tensile stress of the poly-Si film decreases with increasing diameter of the secondary grains, and secondly, the stress relaxation becomes marked as the hydrogen concentration decreases. Furthermore, the relationship between the dangling bond density corresponding to the crystal defect density and grain size was investigated, and it was clarified that the crystal defects were located at the grain boundary for the hydrogen concentrations of 4.2 and 8.2 at%, but the defect site was not identified for 2.3 at% hydrogen. Lastly, the recrystallization model by ELA at low-energy densities was discussed. The model was constructed based on the experimental data that secondary grain growth occurs at the critical energy density and the critical shot number, and it was shown that the present model was consistent with the results concerning the hydrogen concentration and secondary grain growth. 
